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Charge carrier traps in Cd0.85Mn0.15Te doped with indium were studied using thermally stimulated
current measurements. The investigations were performed in temperatures ranging from
100 to 300 K. Four peaks in the current spectrum were identified. From the initial rise method and
the best fit of the spectrum to the theoretical model, the activation energies and the relaxation
parameters for the corresponding traps were determined. © 2008 American Institute of Physics.
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I. INTRODUCTION
Deep level states, also referred to as deep level traps,
often result from the presence of certain impurities in semi-
conducting materials.1–5 They affect the operation of devices
made from these materials.6–9 In deep level states, free
charge carriers become bound to a trap in the capture pro-
cess. In this process, the electron in the conduction band or a
hole in the valence band makes a transition to the deep level
state. Occasionally, a bound charge carrier may be released
from the deep level trap in the emission process. In this
process, an electron or a hole undergoes a state transition
from the deep level to the conduction or valance band. In
Fig. 1, a band diagram for a single deep level is shown.10 The
emission and capture processes for charge carriers are indi-
cated with the arrows together with the corresponding, tem-
perature dependent, transition rates. In the figure, en, ep, cn,
and cp, stand for the emission and capture rates for electrons
and holes, respectively, while EC, EV, and ET are the electron
energies in the corresponding states.
Studies of deep level states are often based on observa-
tions of transient phenomena corresponding to carrier cap-
ture and emission. The thermally stimulated discharge cur-
rent TSDC method is one of the earliest techniques used
for studies of carrier traps in high resistivity materials.11–14 It
allows one to determine the relaxation parameters associated
with the carrier traps, such as activation energies EA, initial
trapped charge distribution Q, and temperature dependency
of the relaxation time constants .
In the experiment, the sample is initially placed in a
constant electrical field at room temperature. Thus, a space-
charge region is formed in the vicinity of the reverse-biased
contact to the sample. The free charge carriers achieve dis-
tribution, compensating for the applied field. When the tem-
perature is lowered, the charge carriers become trapped con-
sistent with the compensating distribution of the free carriers.
The distribution of the trapped charge results in an inter-
nal electric field. Due to the low values of the emission rates
at low temperatures, the field persists over an extended pe-
riod of time after the removal of the external field. Raising
the temperature with no external field in the sample at a
constant rate releases trapped charge carriers and destroys
the frozen electric field. As a result, an electric current ap-
pears in the sample. This current is monitored as a function
of temperature in the external circuit and is the essence of the
TSDC technique. In a semiconductor, a single trap produces
a peak on the plot described by the following function:3,4
jT = Q
0
exp− EAkTexp− 10T0
T
exp− EAkTdT ,
1
where Q is a constant determined by the initial charge dis-
tribution associated with the particular trap and  is the rate
at which the sample is heated. T0 is the initial temperature
from which the sample was heated. The pre-exponential fac-
tor 0 is a proportionality coefficient in the dependency of the
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FIG. 1. Energy diagram and carrier emission-capture processes in a
semiconductor.
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relaxation time on temperature:
 = 0 expEA/kT . 2
In the above expression, the coefficient EA is referred to as
the activation energy of the thermally stimulated discharge
current, k is the Boltzmann constant, and T is the temperature
of the specimen. Function 1 resulted from the assumption
that the processes responsible for the observed effects are
described by a first order differential equation.
There are several ways of evaluating the activation en-
ergy of the thermally stimulated discharge current. The se-
lection of the method is a function of the physical mecha-
nism assumed to be responsible for the rise in the current.
The most universal approach is to recognize that the initial
rise in the current jT is dominated by the first exponential
factor in Eq. 1. Hence, in the initial rise region, the loga-
rithm of the current is a linear function of the inverse of
temperature. With a good approximation, the relation is de-
scribed by the Arrhenius equation4
jT  e−EA/kT. 3
Therefore, the slope of the logarithm of the current versus
temperature inverse yields the activation energy of the trap.
In principle, the applicability of Eq. 3 is broader than that
of Eq. 1. Independently of the assumed mechanisms, in the
initial rise region, Eq. 1 approximates the effects well.
However, in a broader temperature range, higher order terms
may affect the solution for the current.
It is also common to fit the theoretical function describ-
ing the current to the observed data. This approach requires
assumptions about the mechanism responsible for the effects.
In the present paper, both the initial rise method and the
fitting of Eq. 1 to the experimental data were used to de-
termine the activation energy of the deep level traps in in-
dium doped CdMnTe.
II. EXPERIMENTAL DETAILS
The Cd0.85Mn0.15Te: In single crystal was grown by the
vertical Bridgman method. The crystal was intentionally
doped with In to a concentration of about 1018 cm−3. Indium
was introduced during the melt growth. The 15 mm in diam-
eter ingot was sliced perpendicular to the growth direction
into 1 mm thick wafers. Finally, the wafers were polished
and etched in a solution of Br in methanol. For the TSDC
measurements, a sample from the head of the ingot was se-
lected. This part of the crystal exhibits the lowest net carrier
concentration and the highest electrical resistivity. The
capacitance-voltage measurements performed on the
CdMnTe–Au Schottky diode, yielded a net carrier concentra-
tion in this sample at the level of 1015 cm−3. Room tempera-
ture resistivity was about 104  cm and increased by more
than two orders of magnitude after cooling to liquid nitrogen
temperature. One should also recognize that due to the strong
segregation of indium, room temperature resistivity may
vary in range between 103 and 106  cm along an ingot of
this material.
Deep level traps were investigated by the TSDC method
at temperatures ranging from 100 to 300 K. The TSDC mea-
surement system is shown in Fig. 2.15,16 In this system, the
sample is held by two electrically insulated contact plates
and is placed in a variable temperature cryostat. In order to
form a space charge in the wafer, an electric field of the order
of 100 kV /m was applied to the sample at room temperature.
This field was maintained while the temperature of the
sample was lowered to 80 K. At low temperature, the exter-
nal electric field was removed and the sides of the wafer
were shortcut through an electrometer. The temperature of
the sample was slowly raised at a constant rate of 4 K /min
and the discharge current was measured by the TSDC moni-
toring system. The charge transport was solely caused by the
internal electric field resulting from the polarization state of
the sample.
III. RESULTS
The typical spectrum of the TSDC measurements per-
formed on CdMnTe:In samples is presented in Fig. 3. This
spectrum shows four characteristic features indicating four
traps with different activation energies, concentrations and
different capture cross sections. A distinct peak in the current
was observed above 250 K. Noticeably weaker features are
found in the range between 150 and 250 K. The temperature
at which each peak occurs depends on the activation energy
of the particular trap type. The area of the peak is a function
of the initial charge captured by this type of trap which is
FIG. 2. A diagram of the experimental setup arrangement for the thermo-
stimulated discharge current measurements.
FIG. 3. Thermostimulated discharge current spectrum in
Cd0.85Mn0.15Te: In—experimental results and the best fit to Eq. 1.
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related to the trap concentration. At a given heating rate, the
relaxation time, associated with the capture cross section,
affects the width of each peak. As is shown in Fig. 3, the
spectrum of the discharge current in the temperature range
from 150 to 250 K results from several overlapping relax-
ation processes, leading to a complex current spectrum. This
superposition of the discharge effects and the nonlinear de-
pendency of the measured current on the relaxation param-
eters EAk, 0k, and Qk, complicate the analysis.
In Fig. 4, the Arrhenius plots, corresponding to the initial
rise of the thermally stimulated discharge current for the
three observed activation energies, are presented. The slopes
of the plots yield their values to be 0.11, 0.16, and 0.62 eV,
respectively. Because of the overlap of the fourth peak, it is
not possible to use this approach to determine the activation
energy for the corresponding trap accurately. These energies
were used for the initial fit of the experimental data to a
combination of the relations described in Eq. 1. Genetic
algorithms17 were implemented in order to evaluate the pa-
rameters of individual relaxation processes. The numerical
procedures implement random choices in a highly directed
search of the optimum solution. The minimum of the ap-
proximation error
 = 
T=Tmin
Tmax
jexpT − jT2 4
was selected as the search criterion. The activation energies
of the traps obtained from the best fit to the experimental
TSDC spectrum are 0.24, 0.27, 0.44, and 0.78 eV,
respectively.18 There is an offset in the evaluation of the
activation energy using the two approaches. The values ob-
tained from the best fit are higher by 0.11–0.16 eV com-
pared to those obtained from the initial slopes. The proper
estimation of the activation energy from the initial slope is
often obstructed by the effect of peak overlapping. The acti-
vation energies together with the remaining relaxation pa-
rameters are listed in Table I. Plots of contributions to the
current from individual traps and the best fit to the experi-
mental results are included in Fig. 3.
Each peak’s area, determined by a combination of the
two constants, Q and 0, is related to the total charge released
from the corresponding type of trap, and therefore can be
used to compare the concentration of different types of traps
in the material. However, when carrying out such an estima-
tion, one should be aware of the possibility of an error re-
sulting from the compensations effects.
IV. CONCLUSIONS
Thermally stimulated discharge current spectra were col-
lected in the 80–300 K temperature range. The presence of
four charge carrier traps has been identified in the material.
The activation energies were determined from the initial
slope of each feature and from the best fit of the experimen-
tal results to Eq. 1.
It should also be explained that the TSDC techniques
make no distinction between majority and minority carriers.
Therefore, the activation energies listed above do not neces-
sarily correspond to the electron traps.
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